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Poor environmental quality has been an important public health issue for some time now. Research using large-scale data sets has shown a fairly consistent relationship between air pollutant levels and respiratory diseases in a variety of communities in the industrialized world (e.g., Atkinson et al. 1999; Dockery et al. 1993; Lin et al. 2002 Lin et al. , 2004 Pope et al. 1995; Schwartz 1994) .
In Canada, several reports have been published linking air pollution to adverse population health in cities based on data that were collected in the 1980s and early 1990s (e.g., Burnett et al. 1994 Burnett et al. , 1999 Goldberg et al. 2001) . Windsor, Ontario, with a population of 208,402, is one of the cities that has been identified as heavily polluted (Burnett et al. 1998 ). The city is one of the most industrialized cities in Canada, with major industries including three automobile assembly plants, an engine plant, a foundry, and a scrap metal recycling plant. In addition, there is the outstanding problem of transboundary air and water pollution from the U.S. states of Ohio, Illinois, and Michigan. The city is immediately downwind of major steel mills with associated coking operations in Detroit, Michigan, the wastewater treatment plant of Detroit and associated sludge incineration facilities, and a major power plant that until recently was coal fired. Consequently, Windsor and surrounding communities have been identified as an "area of concern" and in need of further health investigation (Health Canada 2000) .
Furthermore, in line with Windsor's ranking as a city with a high level of pollution compared with other Canadian cities (Burnett et al. 1998 ), a recent community-health profile by Gilbertson and Brophy (2001) indicated mortality and morbidity rates from various cancers, circulatory, and respiratory disorders were higher in Windsor than in the rest of the province of Ontario. This work aroused a lot of public sentiments, and several calls were made for further investigation into the "alarming trends" of morbidity and mortality. To respond to the call for an in-depth analysis of the health of Windsorites, we assessed the association between daily ambient air quality and cardiovascular disease hospitalization (Fung et al. 2005) . We reported, among other things, that short-term effects of sulfur dioxide were associated significantly with daily cardiac hospital admissions for people ≥ 65 years of age. The main focus of this article is on respiratory diseases. We used the most recent hospitalization data available from 1995 through 2000 to quantify the association between ambient air pollution and respiratory hospitalization, with temperature, humidity, and change in barometric pressure as covariates. We are especially interested in investigating whether there is an age or sex difference in respiratory admissions. This research will provide policy makers as well as the public with estimates of current risks of respiratory hospitalization as a result of poor ambient air quality.
According to Goldberg et al. (2001) , despite the infrequent use of the COH in time-series analyses, it is a reliable measure of the concentration of ambient carbon particles (generally from internal combustion), with only limited contributions from other pollutants, such as sulfates, nitrates, or particle mass. Respirable particles (PM ≤ 2.5 µm in diameter) data were available only from 1998 through 2001 and were not included in our analysis. Daily weather data including maximum and minimum temperature, humidity, and change in maximum or minimum barometric pressure from the previous day were obtained from the Environment Canada (2002) .
Statistical analysis. First, we linked together > 2,000 days of records from several databases comprising pollutants, temperature, humidity and pressure, and number of respiratory admissions. Data from CIHI were given to us in a ready-to-use format. Because we used the maximum of daily hourly pollutant values from four stations, there were not many missing values (< 1%). If missing values were sporadic, we replaced the missing values by the mean of nearby points (3 days before and 3 days after). If missing values occurred for a series of days, we substituted the linear trend value for those points using other pollutants and covariates as predictors. In very few cases, if the highest hourly maximum was deemed extreme, it was replaced by the next highest value.
To relate short-term effects of air pollution on the number of respiratory hospitalizations, we used two different statistical techniques: time-series and case crossover methods. Both procedures have been used extensively to analyze this type of data (Burnett et al. 1994; Goldberg et al. 2001; Lee and Schwartz 1999; Lin et al. 2002 Lin et al. , 2004 Neas et al. 1999) . Detailed formulas are available in the literature.
Since 2002, significant developments in these methodologies have taken place. For time series, the usual smoothing method that has been used for producing residuals with no seasonality was locally weighted regression smoothers (LOESS) within the generalized additive models (GAMs) (Hastie and Tibshirani 1990) . It was later discovered (Dominici et al. 2002; Ramsay et al. 2003; Samet et al. 2003) that the default settings of the GAM function in the software package S-Plus (Insightful Corp. 2001) do not assure convergence of its iterative estimation procedure and can provide biased estimates of regression coefficients and standard errors, especially when the concurvity is high. Dominici et al. (2002) reanalyzed the National Morbidity, Mortality, and Air Pollution Study data with the default implementation and found that the estimates were biased upward (i.e., higher than they should be). Since then, either the default option was set to a smaller number, such as 10 -8 (S-Plus has already done that in their new release), or another smoother called natural splines has been used in the general linear model function.
For case-crossover analysis, Navidi modified his bidirectional design (Navidi 1998) and proposed the semisymmetric bidirectional design (Navidi and Weinhandl 2002) . Fung et al. (2003) compared all these methods using simulations, and we used what was recommended in that report-natural splines (ns) in time series and bidirectional case crossover.
For the time-series analysis in this article, daily concentrations of each pollutant and covariates were related to the natural logarithm of hospital admissions, y, by the model log E(y) = pollutant + ns(time, df) + DOW + ns(temperature, 4) + ns(humidity, 4) + ns(pressure, 4),
where E(y) is the mean of y and DOW is the day-of-the-week effect, which takes on values 1-7. For each age and sex group, we first found the degrees of freedom (df) for ns(time) such that after fitting the smoothed time effect and DOW, we had a time series of residuals that is as close to white noise as possible, as determined by Bartlett's test (Priestly 1981 Maclure (1991) has recently been suggested as an alternative to time-series analysis. This design is essentially a case-control design in which cases serve as their own controls. Risk estimates are based on within subject comparisons of exposures at failure times with exposure at times both before and after failure, using matched case-control methods. This procedure is used to investigate whether a recent exposure has triggered the occurrence of a particular adverse health outcome and is particularly useful for estimating effects that are transient or acute. Because each subject serves as its own control, the case-crossover approach controls for effects of stable subject specific covariates such as sex and race, and for potential time varying confounders such as seasonal effects or personal habits such as smoking. In this study, we used the bidirectional design (Navidi 1998), which Abbreviations: Maxp, change in maximum barometric pressure from the previous day; Minp, change in minimum barometric pressure from the previous day. a Ambient air quality criteria (MOE 2000).
can control for different patterns of time trends in exposures and outcomes and gives the least biased estimate compared with the pre-or postunidirectional design (Fung et al. 2003) . We selected an interval of 2 weeks between case and control periods to minimize autocorrelation between case and control exposures and to control for seasonal effects. Conditional logistic regression analysis using the same covariates as time series were performed via the Cox proportional hazards model. Maximum likelihood estimates of the parameters were obtained by choosing the "exact" option in S-Plus. Details of this model can be found in Navidi (1998) or Fung et al. (2003) .
Results
A total of 4,214 overall admissions due to respiratory diseases occurred in the study period. Table 1 gives the summary statistics of daily respiratory admissions for the three age groups (0-14, 15-64, ≥ 65 years). Overall, there seem to be more male hospitalizations than female in the early years, but the opposite is true for later years. Summary statistics of weather variables and daily high concentrations of all the pollutants are also provided in Table 1 . An analysis of the Windsor yearly air pollution data for the period 1990-2000 showed an overall decreasing trend in ambient air pollutants (NO 2 , SO 2, CO, COH), likely due to regulatory measures implemented by the government in the preceding 10 years (MOE 2000) . There was an increasing trend in O 3 and TRS, whereas PM 10 did not change much. Based on the air quality index, there were 165 days of poor air quality, 583 days of moderate air quality, and 1,352 days of good air quality during the entire study period. Table 2 gives the correlation coefficients for the air pollutants and weather variables. Most of the pollutants are positively correlated with each other, except SO 2 and O 3 (r = -0.02), and TRS and O 3 (r = -0.01). Maximum temperature and minimum humidity were highly correlated with O 3 . Tables 3 and 4 give the time-series and case-crossover RR estimates by age and sex groups. 95% CIs were also given for the current day (lag 1), lag 2, and lag 3 of the pollutants that were used in the analyses.
The time-series analysis showed elevated effects of NO 2 on the respiratory admissions of females overall and the 0-14 and 15-64 age groups (Table 3 ). The results of the casecrossover analysis somewhat concurred with those of the time series. We found NO 2 lag 2 to be significantly associated with respiratory hospitalization of females 0-14 years age, with an RR of 1.19 (95% CI, 1.002-1.411) ( Table 4) . Although the effects of NO 2 on women in the 15-64 and ≥ 65 age groups were all elevated, none of these were significant. There were no significant associations between NO 2 and male hospitalization in any of the age groups (Tables 3 and 4) .
Time-series results showed a significant current-day effect of SO 2 on the admission of females 0-14 years of age, with an RR of 1.11(95% CI, 1.011-1.221). The casecrossover method also showed an RR of 1.12, and it is almost significant. Other than this, there were no significant association between SO 2 and hospitalization for respiratory diseases in females and males using both methods of analysis. However, the effects of SO 2 on female respiratory admissions were consistently elevated in all age groups.
Although the time-series analysis showed elevated effects of CO on respiratory hospitalization of females, only CO lag 2 was significantly associated with the hospitalization of females 0-14 years of age (RR = 1.07; 95% CI, 1.001-1.139). The case-crossover results showed that CO had both immediate and delayed effects on respiratory admissions for females 0-14 years of age, with RRs of 1.15 (95% CI, 1.006-1.307), 1.19 (95% CI, 1.020-1.379), and 1.22 (95% CI, 1.022-1.459) for lags 1, 2, and 3, respectively. The effects of CO on the respiratory admissions of females in the 15-64 and ≥ 65 age groups were elevated, but none were significant.
There were no significant associations between CO and respiratory admissions in any of the male age groups.
We also found no significant association between O 3 and respiratory admissions on either females or males, although the effects were elevated mostly among the young and elderly age groups in the case-crossover analysis.
The time-series results showed that PM 10 lag 2 is significantly associated with respiratory hospitalization for males 15-64 years of age, with an RR of 1.18 (95% CI, 1.036-1.332). In the case-crossover analysis, the effects of PM 10 on respiratory admissions were mostly elevated, but not significant, in all the groups except for males 0-14 years of age.
COH (lag 3) was significantly associated with the admission of all females (RR = 1.07; 95% CI, 1.004-1.135) and for females 15-64 years of age (RR = 1.15; 95% CI, 1.020-1.296) in the time-series analysis. When all the age groups were combined, the case-crossover analysis also showed that COH had an immediate effect on the admission of women for respiratory disease, with an RR of 1.09 (95% CI, 1.037-1.176). COH lags 2 and 3 were also significantly associated with respiratory admissions for females 15-64 years of age, with RRs of 1.20 (95% CI, 1.003-1.426) and 1.29 (95% CI, 1.051-1.582) respectively. None of the effects of COH on the hospitalization of females 0-14 and ≥ 65 years of age for respiratory disease was significant. Furthermore, none of the male groups showed a significant association between COH and respiratory admissions.
Using both methods, we found no significant associations between TRS and respiratory admissions for any group, but the case-crossover results suggested there might be a delayed effect of TRS on the younger age groups.
Taken together, both the time-series and case-crossover analyses show that young (0-14 years) and adult (15-64 years) females were more likely to be admitted for airpollution-induced respiratory diseases than were males. Abbreviations: Maxh, maximum humidity; Maxp, change in maximum barometric pressure from the previous day; Maxt, maximum temperature; Minh, minimum humidity; Minp, change in minimum barometric pressure from the previous day; Mint, minimum temperature.
Discussion
Although ambient pollution levels (NO 2 , SO 2 , CO, COH) in Windsor "area of concern" decreased during the study period, we still see existing levels of some pollutants that had significant effects on respiratory hospitalization. Consistent with Lin et al. (2002) , we saw some differences in results between time-series and case-crossover analyses. CIs on RR estimates from the bidirectional case-crossover analysis were slightly wider than those from time series, implying lower statistical power for the bidirectional case-crossover design, as documented previously (Bateson and Schwartz 1999; Fung et al. 2003) . Because of the sex dimension we introduced into our analysis, together with differences in analytical approaches, control variables, populations studied, exposure variable averaging times, and cut points, comparison of our findings with other studies is not entirely straightforward (e.g., Burnett et al. 1997) . Despite the fact that no comparable RRs can be given, our findings are consistent with those of existing studies qualitatively. Although NO 2 has been known to increase susceptibility to respiratory infections (Speizer et al. 1980) , results of different studies that examined the link between NO 2 and respiratory outcomes continued to vary. For instance, Atkinson et al. (1999) reported no significant associations between NO 2 and respiratory admissions overall or within any of three age groups (0-14, 15-64, and ≥ 65 years). As part of the Air Pollution and Health: A European Approach (APHEA) project, Spix et al. (1998) reported no significant association between NO 2 and respiratory admissions for the 15-64 and ≥ 65 year age groups. In Paris, France (Dab et al. 1996) , and in Birmingham, England (Wordley et al. 1997 ), a lack of associations between NO 2 and hospital admissions for respiratory diseases was observed. On the other hand, Wong et al. (1999) reported significant associations between NO 2 and respiratory admissions for 0-4, 5-64 and ≥ 65 year age groups in Hong Kong. Similarly, in London, England, Ponce de Leon et al. (1996) found a significant association between summer exposure to NO 2 lag 2 and respiratory admissions for children 0-14 years of age. In the present analysis, we found a significant association between NO 2 lag 2 and respiratory admissions for females 0-14 years of age, but not for any of the other female or male groups. The effect of SO 2 on respiratory hospitalization varies considerably, especially at low levels of exposure. For example, Spix et al. (1998) , Sunyer et al. (2003) , and Wordley et al. (1997) reported no consistent association between SO 2 and respiratory admissions. However, studies in Milan, Italy (Vigotti et al. 1996) , in Paris, France (Dab et al. 1996) , and in London, England (Walters et al. 1994) , found SO 2 levels influenced hospital admissions for all respiratory diseases. Atkinson et al. (1999) reported a strong association between SO 2 and respiratory admissions among 0-to 14-year-olds. Wong et al. (1999) observed significant short-term effects between SO 2 and respiratory admissions in the ≥ 65 age group but not among younger age groups. Furthermore, Ponce de Leon et al. (1996) found a positive association between SO 2 lag 1 (in cool season) with respiratory admissions for adults 15-64 years of age; there was no significant association in either the 0-14 or ≥ 65 age groups. Bates and Sizto (1987) found an association between SO 2 (2-day lag) and respiratory admissions in southern Ontario. Consistent with these findings, the time-series analysis in this study showed a significant association between SO 2 (lag 1) and respiratory admissions for females 0-14 years of age. However, the significance of SO 2 in all other age groups may be minimal because ambient concentrations of SO 2 in Ontario have decreased by more than 86% over recent decades (MOE 2000) . Nonetheless, there is a need for continuous attention because of the number of people exposed and the existence of high-risk groups.
According to Burnett et al. (1999) , because there is a strong correlation between CO and other pollutants regularly used in air pollution studies, it is usually difficult to examine the effects of CO independent of all other pollutants. It is therefore not surprising that the literature on the effects of CO on respiratory illness has also been mixed at best. For instance, Atkinson et al. (1999) found no association between CO and respiratory admissions either overall or by age group. However, in Korea, Cho et al. (2000) after controlling for seasonal and temperature effects, found an association between CO and hospital admissions for respiratory disease with RRs ranging from 1.21 to 3.55, depending on whether the area is rural or urban. In this study, we found that females 0-14 years of age were more likely to be admitted as a result of their exposure to CO in both the time-series and casecrossover models, although only CO lag 2 was significant in the former case. Although the effects of CO on respiratory admissions of women ≥ 65 years of age were elevated for all lags, they were not statistically significant. It is important to note that significant reduction in CO had been achieved in the preceding 10 years in Windsor (mean = 1.0 ppm in 1991 to 0.3 in 2000) because of more stringent regulatory effort in air quality (MOE 2000) .
There are contrasting reports on the effect of O 3 on respiratory admissions. For instance, studies in The Netherlands (Schouten et al. 1996) , in London (Atkinson et al. 1999 ) and in Paris (Dab et al. 1996) found no significant associations between O 3 and respiratory hospitalization. However, Burnett et al. (1997) reported an association between O 3 and respiratory admissions in several Canadian cities, using data from 1981 through 1991. In Hong Kong, Wong et al. (1999) reported that O 3 had a significant effect on respiratory admissions with an RR of 1.022. Ponce de Leon et al. (1996) found an association between O 3 and daily respiratory admissions for the 15-64 and ≥ 65 age groups but not for the 0-14 age group. Spix et al. (1998) observed a consistent association between O 3 and respiratory admissions in five European cities, and the effects were stronger in the ≥ 65 age group. In our analysis, we found elevated risk in the 0-14 and ≥ 65 age groups; however, none of these RRs was statistically significant.
Several studies have reported positive and significant effects of PM 10 on respiratory admissions. In Toronto, Canada (Burnett et al. 1999) , and in Hong Kong (Wong et al. 1999) , PM 10 has been found to be associated with respiratory admissions. A study by Schwartz (1996) in Spokane, Washington (USA), found PM 10 to be significantly associated with respiratory hospitalization of women ≥ 65 years of age. The association between PM 10 and respiratory admission was demonstrated further by Atkinson et al. (1999) , who found significant effects in all age groups (0-14, 15-64, and ≥ 65), although the effect was strongest in the 0-14 age group. In the present study, PM 10 (lag 2) was significantly associated with respiratory admission of males 15-64 years of age. The elevated effects of PM 10 found in this study for all female age groups and for adult and elderly males are in line with the notion that PM 10 influences inflammatory mechanisms in respiratory organs (Hitzfeld et al. 1997) .
Compared with other pollutants, the effect of COH on respiratory admissions has not been frequently examined (Goldberg et al. 2001 ). However, one study found that COH was the strongest predictor of hospitalizations for respiratory diseases among particle-related pollutants examined in both single-and multiple-pollutant regression models (Burnett et al. 1997) . Consistent with this later report, we found COH to be significantly related to female respiratory hospitalization, and more so among adult females.
Overall, our results show that there were more elevated effects with female respiratory hospitalization in relation to ambient air pollution compared with males. The reasons for these differences are unclear. However, several authors have suggested possible explanations for existing sex differences observed in respiratory health. According to Redline and Gold (1994) , sex differences in respiratory diseases relate to differences in hormonal status, potentially influencing airway inflammation and smooth muscle and vascular functions. Differences may also be related to differences in the rates of lung growth and decline, and the relative changes in airway and parenchymal size, in females and males. For instance, the deposition of pollution particles in the lung has been shown to vary by sex, with greater lung deposition fractions of 1-µm particles in females compared with males (Kim and Hu 1998; Kohlhaufl et al. 1999 ), leading to a more female susceptibility to respiratory diseases.
Additionally, despite significant social progress, industrial and domestic jobs continue to be different for men and women. In particular, women as a group are poorer than men and may experience different psychosocial stresses. Also, women usually perform the bulk of child care, cooking, dusting, and vacuum cleaning. It is therefore possible that women experience greater exposures to viral infections, nitrogen oxides, household irritants, and aeroallergens (Redline and Gold, 1994) . Moreover, some studies have shown that women are more sensitive than men to the effect of smoking, with the effects of smoking on lung function greater in women than in men (e.g., Chen et al. 1999; Prescott et al. 1997; Xu et al. 1994) . The increased probability of female hospitalization for respiratory disease probably reflects the increase in smoking among women, relative to men, in the last half-century (Canadian Council for Tobacco Control 2002).
Sex differences in respiratory morbidity, may also reflect differences in the management of morbidity. For instance, Goodman et al. (1994) suggested that increased asthma morbidity in women may relate to their less adequate medical management. The complex social and biologic differences in women and men, underscore the need for more work to aid in our understanding of the bases for a female susceptibility to respiratory diseases.
Limitations of this study are the same as in studies of this kind. They include the adequacy of covariate control and the impact of measurement error in the exposure and outcome variables. However, for most of the risk factors such as the presence of chronic conditions and cigarette smoking, there is no reason to believe that the individual risk factors are correlated with the daily changes in air pollution; hence, they are not likely to be confounders in this study. Furthermore, the limitations of using fixed monitors to represent the entire population in environmental exposure studies have been frequently discussed (Goldberg et al. 2001) . Hence, these results must be interpreted with caution. Nevertheless, the findings still have implications for public health policy.
Conclusion
This study has found associations between ambient air pollution (NO 2 , SO 2 , CO, COH, and PM 10 ) and daily hospital admission of respiratory diseases especially among females in the Windsor "area of concern." The findings are generally consistent with other studies. Even though the risks of respiratory disease due to ambient air pollution in the general population may seem low, it is reasonable to assume that the risks are much higher among susceptible groups, and our findings here support this hypothesis especially for females in the 0-14 age group. Hence, we recommend that in addressing the intense public concern about the health impacts of environmental quality in this "area of concern" must not only involve stricter guidelines (which will be beneficial) but also include environmental risk communication, aimed at improving public perception of risk due to poor air quality. In addition, the events of 11 September 2001 brought renewed concerns about the effects of air pollution in the Windsor area. There have been increasing delays resulting in long lines of trucks at the border crossing points. The idling trucks are spewing toxic pollutants from their archaic exhaust systems into the air. With Windsor located on the downwind side of Detroit, which is a major source of industrial pollutants, the combined effect of these factors is that the improvements that have been suggested here may no longer be possible to attain.
